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Republic of China; and ‡Institute for Protein Research, Osaka University, Osaka, JapanABSTRACT Dimerization of the transmembrane (TM) adaptor protein DAP12 plays a key role in mediating activation signals
through TM-TM association with cell-surface receptors. Herein, we apply the TOXCAT assay and molecular dynamics simula-
tion to analyze dynamics and dimerization of the TM helix of DAP12 in the membrane bilayer. In the TOXCAT assay, we per-
formed site-specific mutagenesis of potential dimerization motifs in the DAP12 TM domain. Instead of the common GxxxG
dimerization motif, mutating either of the polar residues Asp-50 and Thr-54 significantly decreased the TOXCAT signal for
the dimerization of DAP12 TM domain. Furthermore, through the conformational difference between wild-type and mutant
DAP12 TM homodimers, a combined coarse-grained and atomistic molecular dynamics simulation has identified both Asp-50
and Thr-54 at the dimerization interface. The experimental and computational results of the DAP12 TM dimer are in excellent
agreement with the previously reported NMR structure obtained in detergent micelles. Such a combination of dynamics simu-
lation and cell-based experiments can be applied to produce insights at the molecular level into the TM-TM association of many
other transmembrane proteins.INTRODUCTIONMembrane proteins play a key role in cellular processes
involving transmembrane steps, such as signaling, transport,
and trafficking. Integral membrane proteins span the
membrane bilayer and are thought to assemble via a two-
stage folding mechanism (1). In this mechanism, a
membrane protein is synthesized and simultaneously
integrated into the membrane, then associates into homo-
or heterooligomeric complexes. Sequence-specific associa-
tion between a-helical transmembrane (TM) domains
drives correct assembly of many integral membrane proteins
(2–4). In some cases, the association involves pairs of
a-helices with a right-handed (RH) twist (5). In other
cases a leucine zipper type of side-chain packing is evident
(6). Determining sequence specificity in the TM-TM
association is also crucial to identify potential structural
rearrangement involved in TM signaling and channel
conduction (7,8). Therefore, to better understand the
fundamental principles behind the assembly of membrane
proteins, it is important to develop methods for the analysis
of the structure, assembly, and dynamics of the TM
helix association (9). However, the study of the TM
helix association has been a challenging task over the
past few decades because high-resolution structural data
are difficult to obtain for many membrane proteins.
Taking advantage of the regular conformation in a-helical
proteins, several biochemical and biophysical methods
have been developed to assess the association of TM
domain oligomers in detergents and in lipid bilayer
membranes (10–12).Submitted July 20, 2012, and accepted for publication January 24, 2013.
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0006-3495/13/04/1435/10 $2.00TOXCAT assay is a method developed by Russ and En-
gelman for studying the TM-TM association in the real lipid
bilayer membrane system (Escherichia coli inner cell
membrane) (13). In this assay, the expression of a reporter
gene, chloramphenicol acetyltransferase (CAT) is driven
by oligomerization-dependent transcriptional activation by
a membrane-inserted fusion protein. The resulting CAT
enzymatic activity is largely proportional to the extent of
TM helix dimerization. Thus, compared with other in vitro
methods, TOXCAT can provide more quantitative measure-
ment to distinguish between strong and weak TM-TM asso-
ciation in a real cell membrane. Furthermore, systematic
mutagenesis can be carried out in the TOXCAT system to
identify residues critical to the TM-TM association (14).
However, little information at the atomic level can be ob-
tained directly from the TOXCAT experiment.
Molecular dynamics (MD) simulation has been used to
interrogate the TM-TM association at the atomic level.
Recent increases in computing power and improvement in
simulation algorithms have made it possible to simulate
TM-TM association in a well-defined lipid bilayer environ-
ment. Although the simulation typically starts from an avail-
able NMR or crystal structure of interacting TM helices, or
a homology model, it can be used to explore dynamic
configurations in greater detail. Because atomistic MD
simulations and docking-based methods were used to inves-
tigate the self-assembly of glycophorin A (GpA) and to esti-
mate the energetics of its TM dimerization (15,16), longer
effective timescales and larger systems have become acces-
sible with the coarse-grained (CG) approach (17–20), in
which small groups of atoms are treated as single particles.
A recent CG model has been used to model the self-
assembly of GpA monomers in detergent micelles and lipidhttp://dx.doi.org/10.1016/j.bpj.2013.01.054
1436 Wei et al.bilayers (21). In addition to the canonical GxxxG motif, the
hydrogen bonding between polar residues play an important
role in promoting interhelical association between TM
domains (22,23). However, most studies have focused on
the GxxxG motif-mediated TM-TM association. There
have been no MD simulation studies on polar residue-medi-
ated TM-TM association. Moreover, the accuracy of the MD
simulation is uncertain and needs to be revaluated by
experimental techniques in some cases. A potential means
for overcoming the limitations of the MD simulation
approach is to combine it with experimental techniques to
arrive at experimentally validated, dynamic, three-dimen-
sional structures of TM associations.
DAP12 (also called KARAP) is a transmembrane adaptor
well known for its role in transducing activation signals for
an extended array of receptors in the natural killer (NK)
cells, granulocytes, monocytes/macrophages, and dendritic
cells (24–26). DAP12 is a relatively short polypeptide
of 113–114 residues, consisting of a short extracellular
tail, a single TM domain, and a cytoplasmic domain con-
taining the immunoreceptor tyrosine-based activation motif
sequence motif (27). DAP12 forms a disulfide-bonded
signaling homodimer and is associated with a number of
activating receptors, such as NK receptors KIR (KIR2DS
and KIR3DS) and NKG2C/CD94 (28,29). Recently, the
NMR structure of the DAP12 TM homodimer was deter-
mined in tetradecylphosphocholine (TDPC)-SDS mixed
micelles (30). In the NMR structure, the DAP12 TM domain
forms a left-handed (LH) parallel dimer. Two conserved
polar residues, D50 and T54, play an important role in ho-
modimerization. In contrast, substitution of T54 by alanine
in the full-length DAP12 had no adverse effect on the forma-
tion of the DAP12 dimer (30). Moreover, whether the NMR
structure of the DAP12 TM homodimer represents the
DAP12 TM-TM association in the lipid bilayer is not
known.
A number of biochemical, biophysical, and computa-
tional methods have been developed to characterize TM-
TM association in detergents and in membrane bilayers.
However, it is difficult for each individual method to provide
a complete picture of the TM-TM association. In this study,
TOXCAT and MD simulation were applied to study the
dimerization of the DAP12 TM helix in the membrane
bilayer. The computational and experimental results are in
excellent agreement with each other. In combination they
showed that instead of the GxxxG motif present in the
DAP12 TM domain, the polar residues play an important
role in the TM-TM association.MATERIALS AND METHODS
Materials
E. coli BL21 and DH5 competent cells were purchased from TransGen
Biotech (Beijing, China). Anti-MBP monoclonal antibody was purchased
from New England Biolabs (Ipswich, MA).Biophysical Journal 104(7) 1435–1444TOXCAT assays
Gene fragments encoding DAP12 TM sequences were amplified by poly-
merase chain reaction from human DAP12 cDNA (provided by Dr. Lewis
L. Lanier), and inserted into the pccKAN plasmid (provided by Dr. Donald
M. Engelman)) as described earlier (13). The resulting pccKAN-based plas-
mids were transformed to E. coli MM39 cells. The topology of the ToxR-
TM-MBP fusion protein expressed in MM39 cells was checked with the
maltose complementation tests as described (31). Expression of the fusion
protein was visualized by western blot against MBP. The activity of CAT
expressed in MM39 cells was measured as described (31).CG-MD simulations
All the CG-MD simulations were performed by GROMACS version 4.5.3
(www.gromacs.org) (32,33) and the MARTINI force field was used for the
proteins, lipids, and water (19,34). The model of the wild-type (WT)
DAP12-WT TM helices were constructed based on the DAP12 NMR struc-
ture (PDB ID 2L34) (30) and other mutants were derived from this NMR
structure using Modeler (35). In all structures, the valine in position 48
mutated in the DAP12 NMR structure to avoid secondary cyanogen
bromide cleavage of the fusion protein was reverted to WT residue methi-
onine. These atomistic structures and relevant topology files were then con-
verted to corresponding CG counterparts using script from the MARTINI
protocol. The assigned backbone particle for Gly residues in the TM
segments of the helices changed to atom type Na as the Na-Na pairwise
interaction is semiattractive as described in the work by Psachoulia et al.
on GpATM homodimerization (36) and Chng on the integrins TM hetero-
dimerization (37). This change is to mimic the interaction for GxxxG motif
in the helices association since the Gly backbones are exposed.
These CG structures were inserted parallelly at a distance of ~55 A˚
between the center of masses of the backbone of the two helices in a slab
of dipalmitoylphosphatidylcholine (DPPC) lipid bilayer. This bilayer
attains equilibrium after hundreds of self-assemblies, containing ~186
DPPC molecules and 4000 CG waters (each representing four atomistic
waters). The N- and C-terminal of the peptide were not acetylated or ami-
dated. Ions were added to electrically neutralize the system. The polar resi-
dues D50 and T54 of the two DAP12-WT helices were located in the
middle of the bilayer slab as the mutant counterparts.
Lennard-Jones interactions were shifted to zero between 9 and 12 A˚, and
electrostatics were shifted to zero between 0 and 12 A˚, with a relative dielec-
tric constant of 15. The nonbonded neighbor list was updated every 10 steps
with a cutoff of 14 A˚. A Berendsen thermostat (38) was used for temperature
(323 K, coupling constant 1 ps) and pressure (1 bar, coupling constant 5 ps,
compressibility 4.5105 bar1, semiisotropic) coupling. The integration
step was 20 fs. These parameters follow from the recommendations of Mar-
rink et al. (39). The energy of each system was again minimized and is then
position-restrained in a 3 ns simulation to allow for better packing of the
lipid molecules around the TM helices. Seven 3 ms production simulations
were carried out for the DAP12-WT and mutants. Each CG system started
with the same initial configuration but with different initial velocities.From CG to atomistic representation
The conversion work from CG to atomistic representation was followed by
a fragment-based procedure as described previously (40). In this procedure,
the truncated NMR structure was fitted on the protein CG particles and
atomistic lipid fragments were aligned with the CG particles of each lipid
molecule.Atomistic MD simulations
Atomistic MD simulations were performed using the GROMOS96 53a6
force field (41) after the conversion to atomistic representation. Each
The Association of Polar Residues in the DAP12 homodimer 1437system was performed starting from the same initial position but with
different initial velocities. The united-atom lipid models generated for
GROMOS96 53a6 force field was used (42). The Berendsen thermostat
(323K, coupling constant 0.1 ps) and Parrinello-Rahman barostat (1bar,
coupling constant 2 ps, compressibility 4.5  105 bar1, semiisotropic)
were used for temperature and pressure coupling. LINCS algorithm (43)
was used to constrain bond lengths. Long-range electrostatic were modeled
up to 9 A˚ using the Ewald particle mesh. The 14 A˚ cutoff distance was used
for the vander Waals interactions. Every system was energy minimized
using the conjugant gradient method and subsequently equilibrated with
the protein Ca atoms harmonically restrained for 0.5 ns (force
constant ¼ 1000 kJ/mol/A2). Production simulations for 50 ns were per-
formed three times for LH and RH packing dimer.
All trajectory analyses were done with GROMACS tools. Visualization
and graphics were performed with VMD software (44).FIGURE 1 DAP12-WT TM domain self-associated in the Escherichia
coli cell membrane and the effect of site-specific mutagenesis in the GxxxG
motif and polar residues D50 and T54 of the DAP12-WT TM domain on
CAT activity. The enzymatic activity of CAT induced by self-association
of the target TM domain and expressed as the percentage of that induced
by the GpA-WT TM domain. The GpA-WT and GpA-G83I constructs
were used as positive and negative controls, respectively. Black bars
represent the CAT activity quantified from cleared lysates, and error bars
represent the standard error for three measurements of each lysate. The
lower panel shows the expression levels of chimeric ToxR-TM-MBP
proteins probed by Western blot.RESULTS
Analysis of TM sequence specificity of DAP12
dimerization by TOXCAT
Although several reports have suggested that the full-length
DAP12 forms a covalent dimer, whether this is mediated by
the specific motif of the DAP12 TM domain has not been
established. To this end, we first employed the TOXCAT
system developed by Russ and Engelman, which measures
the association of TM helices in the plasma membrane of
E. coli. Table 1 depicts the DAP12 TM sequences that
were inserted into the TOXCAT chimera. The length of
the inserted TM helix is important in determining the degree
of CAT expression levels in the TOXCAT assay (45). There-
fore, we identified the optimal length for the DAP12 TM
helix (DAP12-WT: from residue V42 to residue Y62) in
this assay by incrementally deleting single residues from
its N-terminal end (see Table S1 and Fig. S1 in the Support-
ing Material). Three independent TOXCAT measurements
were performed on the DAP12-WT with the average
70.5% dimerization affinity shown in Fig. 1 representing
a percent of the CAT activity of GpA. The TOXCAT resultsTABLE 1 Sequences of the DAP12 TM helix and its mutants
DAP12 helix TM sequence TOXCAT MD
DAP12-WT VLAGIVMGDLVLTVLIALAVY62 O O
D50N VLAGIVMGNLVLTVLIALAVY O
D50E VLAGIVMGELVLTVLIALAVY O
D50R VLAGIVMGRLVLTVLIALAVY O
D50A VLAGIVMGALVLTVLIALAVY O O
D50S VLAGIVMGSLVLTVLIALAVY O
D50L VLAGIVMGLLVLTVLIALAVY O O
T54S VLAGIVMGDLVLSVLIALAVY O
T54A VLAGIVMGDLVLAVLIALAVY O O
T54V VLAGIVMGDLVLVVLIALAVY O O
G45I VLAIIVMGDLVLTVLIALAVY O O
G45F VLAFIVMGDLVLTVLIALAVY O
G49I VLAGIVMIDLVLTVLIALAVY O O
G49F VLAGIVMFDLVLTVLIALAVY O
D50LT54V VLAGIVMGLLVLVVLIALAVY O
D50AT54A VLAGIVMGALVLAVLIALAVY O
G45IG49I VLAIIVMIDLVLTVLIALAVY Oindicate there is a relatively strong association in the
cytoplasmic membrane of E. coli that is comparable to the
signal reported for the TM-TM association of some
single-pass receptors. We routinely employ established
controls for the TOXCAT assay to measure the expression
levels of the chimeras and their correct topology because
the location of the junctions between the helix and MBP
and ToxR is also the influence factor of CAT activity (14).
Specifically, western blots of the TOXCAT chimera contain-
ing DAP12-WT showed that their expression levels were
comparable to those of GpA-WT and GpA-G38I, and
maltose complementation assays indicated the chimeric
protein inserted into the membrane with the correct
topology (Fig. S2).
By inspecting the DAP12-WT and comparing it with
previously reported association motifs (46–48), the
DAP12 TM domain contains a GxxxG motif and the polar
residues D50 and T54. To assess the role of the GxxxG
motif and polar residues in the DAP12 TM domain in medi-
ating its dimerization, site-specific mutagenesis was used to
alter specific amino acids in the chimera containing the
DAP12-WT in TOXCAT. The individual mutational
sequences are shown in Table 1. An effective strategy to
probe the role of the GxxxG motif in TM association is to
introduce steric clashes by changing Gly to amino acids
with large side chains. As shown in Fig. 1, mutationsBiophysical Journal 104(7) 1435–1444
1438 Wei et al.G45I, G45F, G49I, and G49F did not disrupt the dimeriza-
tion of the DAP12 TM domain. On the contrary, the muta-
tions G45F and G49I increased the CAT activity of
DAP12-WT by 40%. All these TOXCAT data ruled out
the possibility of a role for the GxxxG motif in DAP12
TM homodimerization. Furthermore, mutating polar resi-
dues to nonpolar residues (D50L, D50A, T54L, and
T54V) caused complete disruption of the DAP12 TM
dimer, indicating that the polar residues mediate the
dimerization of DAP12 TM domain in membranes. The
mutations D50R, D50S, D50N, D50E, and T54S show
that the polar residue side chains are also an important deter-
minant of dimerization. Because both the mutations D50R
and D50S completely abrogate dimerization of the DAP12
TM and mutations with a similar side chain (D50N,
D50E, and T54S) support dimerization of DAP12 TM.
These results lead us to the conclusion that it is not the
GxxxG motif in the TM domain that mediates the dimeriza-
tion of DAP12, but the polar residues (D50 and T54) of the
DAP12 TM.CG simulation of DAP12 TM dimer
To rationalize the TOXCAT results from a structural
perspective, we first performed a CG MD simulation on
the DAP12 TM dimer to gain further insight into the
dynamic behavior of the TM-TM association within an
explicit bilayer-water environment (see Materials and
Methods for details). Initially, we used the same DAP12
TM sequences (DAP12-WT) as used in our TOXCATexper-
iments, which are also predicted by the TM prediction
program. The initial structure of the DAP12 TM single
chain was obtained from the NMR structure and positioned
in a parallel orientation into a preformed DPPC bilayer with
the helices separated by a backbone distance of ~55 A˚. This
separation between the helices ensures that the initial posi-
tion does not favor artificial dimer formation. During the
simulation, the helices diffuse randomly in the bilayer
relative to one another; until an encounter leads to the
formation of a stable helix dimer occurs. As observed in
earlier self-assembly simulations (Fig. 2 A) the DAP12
TM helices spontaneously form a long-lasting helix dimer
within a few hundred nanoseconds. The DAP12 TM dimer
reveals a bimodal crossing angle distribution (LH, negative;
RH, positive) as shown in Fig. 2 B. Compared with the RH
packing mode, the LH packing mode shows a much more
narrow distribution with a mean crossing angle of ~20,
which is in accordance with the observation of the
DAP12-TM NMR structure. Furthermore, the trajectories
for all of the CG-WT simulations (see Table 1) were concat-
enated and the backbone particles of the reference helix
from each frame was fitted onto a reference structure, and
the probability density of the backbone particles of the
TM helix at a given point in the bilayer plane was calculated
(Fig. 2 C). The DAP12 TM presented only one probabilityBiophysical Journal 104(7) 1435–1444density maxima in the spatial distribution containing both
LH and RH structures. This reveals that both the LH packing
and RH packing have a similar interface in the CG simula-
tions. The LH structure (Fig. 2 D) includes the same DAP12
dimerization interface from the NMR structure in which
the two aspartates move close to each other. Although
in the RH structure (Fig. 2 D) with the highest probability
of the negative helix crossing angle, the threonine pair are
as close as the aspartate pair, and helices did not diverge
slightly below T54 as in the NMR structure. Examination
of the CG structures of the DAP12-WT LH dimer (Fig. 2
D) suggests that the helices are assembled in a fashion
with the D50 and T54 residues forming the helix-helix inter-
face, as indicated by the NMR structures.Atomistic simulation of DAP12 TM dimer
For the purpose of further improving the model of the
DAP12 TM helix dimer from the CG simulation self-
assembly simulations, as well as to check on the stability
of RH and LH conformation, the CG structures of the
DAP12 TM dimer were converted to full atomistic models,
using the CG2AT fragment-based procedure. This method
has been used to refine membrane protein systems by per-
forming subsequent atomistic (AT) simulations of the CG
models of the TM helix dimer. We performed simulations
of 50 ns duration for two WT dimer structures (LH and
RH packing in the CG simulation) generated by the
CG2AT procedure, in triplicate (Fig. 3).
The Ca root mean-squared deviations (RMSD) from the
initial structures were monitored over the course of the AT
simulations, and the conformational stability of the two
WT dimer structures (AT-LH and AT-RH) were assessed.
In Fig. 3, the Ca RMSD for the AT-LH dimer rapidly rea-
ches a plateau at 3 A˚, indicating the AT-LH dimer is a stable
model without conformational change from the initial struc-
tures in the AT simulations. In contrast, the Ca RMSD for
the AT-RH dimer simulation rises gradually over the 50 ns
duration, reaching ~4 A˚. This indicates more conforma-
tional drifts occurring in the unstable AT-RH model
simulations.
Likewise, the helix crossing angle distribution in each of
the AT-LH atomistic MD simulations is relatively narrow,
changing no more than 20 (Fig. S3 A). In contrast, the
crossing angle distribution was slightly wider for the
AT-RH dimer simulations compared with the AT-LH dimer,
ranging from 43 to 8 for the AT-RH dimer (Fig. S3 B),
and from þ10 to þ45 for the AT-LH dimer. This suggests
that the AT-LH dimer model forms a tighter packing inter-
face compared with the AT-RH dimer model.
Furthermore, we compared the most stable structure by
the AT simulation to the structure from NMR studies of
the DAP12 TM dimer. Both structures have a crossing angle
of 20 and a helix-helix interface formed by the same polar
residues D50 and T54 (Fig. 4).
FIGURE 2 CG simulations to explore DAP12-WT helix homodimer. (A) The DAP12-WT helices were parallel and separated by ~55 A˚ in the DPPC bilayer
of the initial structure. During the 3 ms CG-WT simulations, they interact with each other and form a homodimer. (B) All the dimer trajectories of CG-WT
simulations were converged and crossing angles were analyzed. The positive crossing angle corresponds to LH helix packing and the negative crossing angle
corresponds to RH packing. (C) The spatial distribution of helix for the CG-WT simulations. The backbone particles were fitted to a reference structure. This
diagram shows the contact probability density between the two TM helix backbone particles in the bilayer plane. The blue and red represents low probability
and high probability at that point. The LH and RH dimer have only one maxima area in this distribution. (D) The LH and RH structures were selected to be
representative of the modes in the crossing angle distributions. The backbone and side-chain particles of the D50 and T54 particles are in yellow and green.
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The TOXCAT results suggest that instead of the mutations
in the GxxxG motif, the mutations in the polar residues,
which mediate the dimerization of DAP12 TM, disrupt the
helix dimerization. To replicate the mutational effects on
the DAP12-WT dimerization in the E. coli cell membrane,
we explored the structure and conformational stability of
these mutants via CG simulation. We first compared the
distribution of the helix crossing angles for the various
mutants observed in the whole CG ensembles (Fig. 5).
Thus, all six disruptive mutants (D50L, T54V, D50LT54V,
D50A, T54A, and D50AT54A) result in a significant shift,
relative to the DAP12-WT, from a LH to a RH distribution.
The polar contacts were perturbed and the distribution
showed more RH frames than the DAP12-WT dimer, sug-
gesting the weakness of these interactions evidently reduces
the strength of the dimerization and perturbs the LH
crossing angle bias.The crossing angle distribution of the nondisruptive
mutants G45I, G49I, and G45IG49I is almost identical to
that of the WT simulations. Moreover, these nondisruptive
mutations significantly increase the LH dimer frames,
implying their dimerization was moderately reinforced.
The polar side-chain residues, D50 and T54, constitute
the DAP12-WT dimerization motif and have been shown
in previous experiments to be important for dimer stability.
In our CG simulations, the side chain of T54 is able to
interact with the D50 residues on the same helix of the
LH packing dimer, corresponding with the observation in
the NMR structures (Fig. 4). However, the side chain of
T54 is also able to respectively interact with D50 or T54
on the opposing helix of the RH packing dimer (Fig. S4).
These interactions of T54 partially perturb the critical
D50-D50 interactions and account for the observation that
the amount of the RH packing dimer is greater compared
with the LH packing in dimer to some degree, resulting inBiophysical Journal 104(7) 1435–1444
FIGURE 3 The conformational stability of DAP12-WT helix homodimer
in each atomistic simulation is analyzed based on the Ca RMSD from the
initial structure as a function of time. The atomistic LH (A) and RH (B)
representative initial helix dimer were conversed from the CG structures
picked in the crossing angle distribution.
FIGURE 4 Comparison of the helix dimer interface of the NMR
(2L34) structure (A) and a structure from the end of one of the AT-LH
simulations (B). The D50 (white) are shown to pack against each other in
the interface and the side chains of T54 (gray) stabilize the D50 around
the interface. These key interactions are shown in both the NMR and the
simulation structure.
1440 Wei et al.a bimodal distribution (Fig. 2 B). Comparing the RMSD of
all the sets of CG simulation relative to the NMR CG struc-
ture as the reference structure (Fig. S5), the WT and nondis-
ruptive mutants have more frames of low RMSD (~1.8 A˚),
but the disruptive mutants have a much higher RMSD.
This observation suggests the nondisruptive mutants can
form dimers similar to the NMR structure, whereas the
disruptive mutants seldom form.
The spatial distribution comparison of all the mutants is
shown in Fig. 6. For the nondisruptive mutants (G45I,
G49I, and G45IG49I) the spatial distribution is similar to
the WT and they all favor the same region of the fixed helix.
For the disruptive mutants (D50L, T54V, D50LT54V, D50A,
T54A, and D50AT54A) the spatial distribution is diverse. In
the D50L and D50A mutants, the vital D50-D50 polarBiophysical Journal 104(7) 1435–1444interaction is lost, and the favorable contact of DAP12-
WT has entirely changed to a different side of the reference
helix. A symmetrical distribution is observed in the double
mutants D50LT54V and D50AT54A, where the two polar
residues are replaced. Consequently, the helices of the
double mutants do not have a preferred packing site.
Without the Thr polar side-chain interaction in T54V and
T54A, the preservation of D50 in this mutant partially main-
tains some spatial contact relative to DAP12-WT, but it is
relatively unstable. This certifies that the D50 residue is
more important than the T54 residue in maintaining this
strong helix-helix interface.DISCUSSION
Understanding the dimerization structure of the DAP12 TM
is likely to provide relevant insight into the assembly of a
variety of activating immune receptors with adaptor
proteins. In our studies, the importance of characterizing
the nature of the interactions of membrane proteins with
their lipid bilayer environment is taken into consideration.
A combination of TOXCAT and MD simulation has re-
vealed the dynamics and dimerization of DAP12 TM helix
in the lipid bilayer membrane. First, we apply the TOXCAT
assay to experimentally study the effects of mutations of
polar residues D50 and T54 on the molecular association
of DAP12 TM-TM helix in a natural lipid bilayer system
(E. coli inner cell membrane). Second, we performed a simu-
lation strategy that characterizes the structural differences
between the mutant and the WT DAP12 homodimers, as
well as identifying the amino acids located at the helical
interface that may promote the DAP12 homodimerization.
FIGURE 5 Mutants of DAP12-WT helix homodimer crossing angle histograms. Helix crossing angle histograms. For each set of simulations, all the dimer
frames were merged. The helix crossing angles were evaluated from these merged dimer trajectories. The positive crossing angle corresponds to LH helix
packing and the negative crossing angle corresponds to RH packing. The WT is drawn in a solid line, and the mutants are drawn in a dashed line.
The Association of Polar Residues in the DAP12 homodimer 1441Overall, the computational and experimental results are in
excellent agreement. Combining the TOXCAT with molec-
ular simulation, our results show that instead of the GxxxG
motif, which is also present in the DAP12 TM domain, the
polar residues play an important role in the DAP12 TM-TM
association.
With the development of progress in simulation algo-
rithms, MD simulation has been used to study the TM-
TM association in a well-defined lipid bilayer environment
(16,17). However, most MD simulations focus on the clas-
sical GxxxG dimerization motif within the TM-TM associ-
ation. Our current studies give the first, to our knowledge,
examples to study polar residues’ role on the TM-TM
association using MD simulation. Alignment of the TM
domain of DAP12 from a variety of different species
demonstrated that the DAP12 TM domain contains the
conserved polar residues D50 and T54 (29). Notably, the
DxxxT motif is also present in the CD3ε and CD3d chains
associated with TCR (49), whereas the ExxS in CD3g
remind us of the dimerization motif QxxS reported by
Sal-Man and Shai (50). Consistent with the NMR results,
the DAP12 TM helix dimer was prone to adopt an ~20
LH conformation by crossing angle distribution analysis,
and the association interface was apparently dominated
by the key polar residues D50 and T54, according to theexamination of helix-helix contacts (Fig. S6). Polar resi-
dues D50 and T54 are forming hydrogen bonds to drive
DAP12 TM dimerization, but this polar-polar interaction
is not as strong and tight as the docking and packing of
the small residues GxxxG motif and GxxxG-like motifs,
which was observed from previous TOXCAT results.
Moreover, the threonine pair is not as close as the aspar-
tate pair; and as a consequence of the relative loose
conformation, helices of DAP12 TM dimer are prone to
rotate. These speculations could postulate why there is
also a RH population in the CG simulation. Although
the RH conformation accounts for some proportion of all
the dimers, the span of it was so wide (>40) there was
not a single dominated peak to compare to the LH confor-
mation. To gain greater accuracy of the DAP12 TM helix
dimer, we further employed AT-MD simulation with the
initial structures, which we converted from our previous
representative CG models. As predicted, the LH dimer
was stable with little conformational change from the
initial structures using Ca RSMD calculation throughout
the simulations, in contrast with the RH dimer. In all three
AT-RH simulations, we found the RH dimer trend to rotate
to the LH conformation as the crossing angle of the dimer
increases from negative to positive (Fig. S3 B). This inter-
esting variation gives a manifest evidence of the dominantBiophysical Journal 104(7) 1435–1444
FIGURE 6 Spatial distributions of all the mutants of DAP12-WT helix. The backbone particles were fitted to a unique reference structure used in Fig. 2 C.
This diagram shows the contact probability density between the two TM helix backbone particles in the bilayer plane; white and black represent low and high
probability.
1442 Wei et al.LH conformation of DAP12 TM, indicating the stable LH
dimer is more probable than the RH dimer. These key
polar residues in our DAP12-WT AT-LH structure had
the same spatial positions in comparison with the NMR
structure, providing solid interaction interface confirmation
of D50 and T54.
The same CG simulation approach was used to charac-
terize the effect of the mutations on the stability and struc-
ture. For the nondisruptive mutants G45I, G49I, and
G45IG49I, the crossing angle distribution and spatial distri-
bution is almost identical to that of the WT simulations. As
with the six disruptive mutants, the crossing angle had
shifted significantly from LH to RH, thus completely dis-
turbing the DAP12-WT TM helix interaction into an
unstable state. The spatial distribution of the disruptiveBiophysical Journal 104(7) 1435–1444mutants revealed diverse results that all mutants that
involved Asp would largely shift the interaction interface,
whereas T54A and T54V showed similarity to the WT.
Based on a recent study of NMR structure refinement of
DAP12-NKG2C, the T54 residues in the DAP12 TM dimer
could form intra- and interhelical H-bonds to keep the
DAP12 TM dimer compact, further stabilizing the TM phys-
ical contact (51). Given that the polar interaction is not as
strong as the GxxxG motif, which could dock and pack
tightly, the DAP12 TM dimer without the disulfide bond
in the ectodomain would be able to rotate and switch
between RH and LH formations. Notably in our AT-MD
simulations we found a similar effect, giving a reasonable
explanation for the importance of T54 in DAP12-TM
dimer. All these simulation results are not only well
The Association of Polar Residues in the DAP12 homodimer 1443matched to the experimental data but also shed light on the
association mechanism of DAP12-TM helix.
As our knowledge of membrane protein folding evolved,
searching for sequence motifs to mediate dimerization
cannot solve this problem alone. Because the presence of
known sequence motifs alone does not guarantee interac-
tions, TM sequences that do not contain any recognizable
motifs can interact, and lipid bilayer properties may signif-
icantly modulate the strength of a sequence-specific trans-
membrane helix-helix interaction as well (47,48). In this
study, we adopt a desirable multiscale approach, whereby
CG-MD simulations are used to explore TM-TM interac-
tions efficiently, yielding system configuration that could
then be converted to atomistic resolution for accurate anal-
ysis, and our approach of employing both experimental and
computational methods and comparing mutational effects in
both can be potentially applicable for the ternary interaction
between DAP12 dimer and the associating receptors TM
domain and many other proteins.SUPPORTING MATERIAL
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